Cells are mechanosensitive to extracellular matrix (ECM) deformation, which can be caused by muscle contraction or changes in hydrostatic pressure. Focal adhesions (FAs) mediate the linkage between the cell and the ECM and initiate mechanically stimulated signaling events. We developed a stretching apparatus in which cells grown on fibronectin-coated elastic substrates can be stretched and imaged live to study how FAs dynamically respond to ECM deformation. Human bone osteosarcoma epithelial cell line U2OS was transfected with GFP-paxillin as an FA marker and subjected to sustained uniaxial stretching. Two responses at different timescales were observed: rapid FA growth within seconds after stretching, and delayed FA disassembly and loss of cell polarity that occurred over tens of minutes. Rapid FA growth occurred in all cells; however, delayed responses to stretch occurred in an orientation-specific manner, specifically in cells with their long axes perpendicular to the stretching direction, but not in cells with their long axes parallel to stretch. Pharmacological treatments demonstrated that FA kinase (FAK) promotes but Src inhibits rapid FA growth, whereas FAK, Src, and calpain 2 all contribute to delayed FA disassembly and loss of polarity in cells perpendicular to stretching. Immunostaining for phospho-FAK after stretching revealed that FAK activation was maximal at 5 s after stretching, specifically in FAs oriented perpendicular to stretch. We hypothesize that orientation-specific activation of strain/stress-sensitive proteins in FAs upstream to FAK and Src promote orientation-specific responses in FA growth and disassembly that mediate polarity rearrangement in response to sustained stretch.
Cells are mechanosensitive to extracellular matrix (ECM) deformation, which can be caused by muscle contraction or changes in hydrostatic pressure. Focal adhesions (FAs) mediate the linkage between the cell and the ECM and initiate mechanically stimulated signaling events. We developed a stretching apparatus in which cells grown on fibronectin-coated elastic substrates can be stretched and imaged live to study how FAs dynamically respond to ECM deformation. Human bone osteosarcoma epithelial cell line U2OS was transfected with GFP-paxillin as an FA marker and subjected to sustained uniaxial stretching. Two responses at different timescales were observed: rapid FA growth within seconds after stretching, and delayed FA disassembly and loss of cell polarity that occurred over tens of minutes. Rapid FA growth occurred in all cells; however, delayed responses to stretch occurred in an orientation-specific manner, specifically in cells with their long axes perpendicular to the stretching direction, but not in cells with their long axes parallel to stretch. Pharmacological treatments demonstrated that FA kinase (FAK) promotes but Src inhibits rapid FA growth, whereas FAK, Src, and calpain 2 all contribute to delayed FA disassembly and loss of polarity in cells perpendicular to stretching. Immunostaining for phospho-FAK after stretching revealed that FAK activation was maximal at 5 s after stretching, specifically in FAs oriented perpendicular to stretch. We hypothesize that orientation-specific activation of strain/stress-sensitive proteins in FAs upstream to FAK and Src promote orientation-specific responses in FA growth and disassembly that mediate polarity rearrangement in response to sustained stretch.
mechanosensing | integrin | tissue mechanics T issues of the pulmonary, circulatory, musculoskeletal, digestive, and renal systems are subject to mechanical perturbations such as cyclic or continuous stretch. Cells within these tissues are mechanosensitive, responding to these mechanical inputs by changing ion channel configurations (1-3), cytoskeleton organization (4-6), mRNA splicing (7), gene expression (8) (9) (10) , and posttranslational protein modification (11) (12) (13) . Although many forms of mechanical stimuli occur physiologically, the most well studied are the responses of cells to cyclic stretch to specifically simulate the contraction/relaxation cycles that occur within the cardiovascular and pulmonary systems (14) (15) (16) (17) . However, sustained stretch also commonly occurs in tissues-e.g., when injury-induced swelling causes local hydrostatic pressure increase (18) , in long-term blood pressure increase (16, 19) , during prolonged muscle contraction (20, 21) , or when the bladder retains large volume of urine (22, 23) . In such situations, tissue stretching may last for minutes or hours without regular relaxation intervals, and likely generates cellular responses that lead to tissue adaptation. However, the cellular responses to sustained stretching are not well studied.
Cells exhibit stereotypical morphological responses to stretch. Cyclic uniaxial stretch induces cells to reorient their long axes perpendicular to the direction of stretch. This process is accompanied by a similar reorientation of actomyosin stress fibers and integrin-mediated focal adhesions (FAs) and is thought to minimize tissue resistance to stretch (5, 6, 24, 25) . FAs serve as mechanical conduits, transmitting forces generated by stress fibers to the ECM to drive cell movement or ECM remodeling, and also transmitting forces generated in tissues into the cell. The mechanosensitivity of FA assembly and downstream signaling is well documented, and thus they are prime candidates for mediating cellular responses to stretch (26) . Indeed, the cytoskeletal reorientation that occurs in response to cyclic stretch requires several proteins that localize to FA, including integrins (27) , zyxin (28) , paxillin (25) , Src, and p130 Crk-associated substrate (p130Cas) (29) , and involves sliding reorganization of FAs (6) . However, the effects of sustained stretch on FA organization and dynamics have not been explored.
Here, we sought to characterize the dynamic response of FAs and cell morphologies to sustained uniaxial stretch. We found FAs to be directionally sensitive to sustained stretching. FA disassembly and loss of cell polarity occurred in cells with their long axes perpendicular to stretch, but not in cells with their long axes parallel to stretch. We show that FA kinase (FAK), Src family kinases (SFKs), and calpain 2 all contribute to FA disassembly and loss of cell polarity, and that FAK is activated specifically in FAs oriented perpendicular to stretch. We hypothesize that putative stress/strain sensing proteins in FAs upstream to FAK and Src align with the long axes of FAs, whereas a majority of FAs aligns with the cellular long axis, resulting in orientation-specific responses. Our findings show that sensitivity of strain/stress orientation at the molecular level propagates up to regulate cell polarity in response to sustained mechanical stimulus.
Results
Sustained Uniaxial Stretching Promotes Rapid FA Growth and Slow, Orientation-Specific FA Disassembly and Loss of Cell Polarity. To investigate FA dynamics in response to sustained uniaxial stretching, we developed a stretching apparatus in which a piece of fibronectin-coated elastic film is fixed by two parallel clamps (Fig. 1A) . A high-precision adjustment microscrew allows fine adjustment of the distance between the clamps. By manipulating the microscrew, the clamped elastic film is uniaxially stretched along the axis of the microscrew. The elastic film used in this study was made of silicon, 50 kPa in stiffness, 100 μm thick, and transparent, allowing us to perform live-cell imaging of FA dynamics before and after the introduction of uniaxial stretching. We used human bone osteosarcoma epithelial cells (line U2OS) stably expressing GFPpaxillin as an FA marker to study the effects of stretching on FA dynamics. Paxillin was used as an FA marker because it is recruited to FAs at the earliest stage of FA formation and is constantly present through FA maturation and disassembly (30) (31) (32) . Cells were seeded onto the fibronectin-coated elastic film and allowed to adhere for 4 h. Sustained uniaxial stretching was then applied to the cells, and the FA dynamics before and after stretching was recorded for subsequent analyses by wide-field epifluorescence microscopy at one frame per minute for 40 min before and after stretching. We analyzed cells with no significant protrusion or retraction when unstretched, so that FA turnover was in equilibrium.
Qualitative examination of images from the time-lapse movies ( Fig. 1 B-E; Movies S1 and S2) showed that immediately after 5% stretch, there was a marked increase of GFP-paxillin in FAs. In a subset of cells, this early response to stretch was followed, about tens of minutes later, by FA disassembly and cell edge retraction. Further inspection of many time-lapse movies suggested that the cell orientation relative to the stretching direction may be an important factor in the fate of FAs. When the cell's long axis was oriented nearly perpendicular to the stretching direction, FAs underwent disassembly and the cell edge retracted ( Fig. 1 B and C), whereas no apparent FA disassembly and edge retraction was observed in cells whose long axes were nearly parallel to the stretching direction (Fig. 1 D and E) .
To verify the notion of orientation-dependent effects induced by stretch on cell adhesion and FAs, four parameters were devised to quantitatively characterize the responses of cells to sustained uniaxial stretch: (i) rapid induction in FA growth (Fig. 2C) ; (ii) changes in FA orientation (Fig. 2D) ; (iii) changes in steady-state FA disassembly/assembly (Fig. 2E) ; and (iv) changes in cell polarity (Fig. 2F) . These responses were then compared for cells and/or FAs that we categorized in terms of their orientations with respect to the direction of stretching. A cell or FA was considered perpendicular when its long axis and the stretching direction formed an angle larger than 60°, and parallel when this angle was less than 30°. The long axis of cells or FAs was defined by best fit of an ellipse to the cell or FA, and cells with no distinct long axis (aspect ratio <1.2) or with angles between 30°and 60°w ere disregarded. We first evaluated the effects of stretching on rapid induction of FA growth and its orientation dependency by measuring the recruitment of GFP-paxillin to FAs within 3 min after stretching in cells oriented either perpendicular or parallel to stretch. We plotted the integrated intensity of GFP-paxillin within all segmented FAs in a cell over time ( Fig. 2 A and B) , and determined the ratio of the average intensity in the last three frames before stretching relative to that of first three in-focus frames after stretching. Comparison of rapid paxillin recruitment in cells oriented parallel and perpendicular to stretch showed that GFP-paxillin intensity increased by ∼20% (16.5 ± 3.5% in perpendicular cells and 21.3 ± 9.9% in parallel cells) after stretching, regardless of the cell orientation (Fig. 2C) . Thus, uniaxial stretching induces rapid FA growth independent of cell orientation relative to stretch.
We next evaluated the average FA orientation in cells parallel and perpendicular to stretch, and determined how this orientation changed after stretching. FA orientation was determined by averaging the angle of the long axis of all individual segmented FAs relative to stretch before and after stretching, and was compared in cells parallel and perpendicular to stretch. This analysis revealed that before stretching, FAs had a similar orientation as the cellular orientation, with FAs oriented on average at 65°relative to the direction of stretching in cells perpendicular to stretch, and FAs oriented on average at 5°relative to the direction of stretching in cells parallel to stretch. Forty minutes after stretching, the average FA angle in cells perpendicular to stretch became more parallel, decreasing from 65°t o 15° (Fig. 2D) , whereas the average FA angle did not significantly change (<5°, P > 0.01) in cells parallel to stretch. These results show that 5% sustained stretching induces FA realignment in an orientation-dependent manner, and suggest an orientation-specific change in FA assembly or disassembly that results in a net realignment of FAs to more parallel to the direction of stretching.
We next sought to determine the effects of 5% sustained uniaxial stretching on FA disassembly/assembly dynamics in cells oriented either perpendicular or parallel to stretch. The rate of FA disassembly/assembly over 40 min before and after stretching was determined by linear fitting of the integrated GFP-paxillin intensity vs. time plot (Fig. 2 A and B) . This analysis showed that cells perpendicular to the stretching direction exhibited significant FA disassembly over the course of 40 min after stretching, whereas a very slight increase in FA assembly was detected in cells parallel to the stretching direction over a similar time period (Fig. 2E) . Examination of images indicated that FA disassembly occurred selectively in regions where most FAs appeared oriented perpendicular to the stretching direction ( Fig. 1 B and C) . FAs in such regions slid and disassembled simultaneously with cell edge retraction ( Fig. 1 B and C) . Thus, sustained uniaxial stretching specifically promotes FA disassembly in cells oriented perpendicular to the stretching direction.
Next we assessed the effects of 5% sustained uniaxial stretching on cell polarity in cells oriented either perpendicular or parallel to stretch. We measured the aspect ratio of a cell as the ratio between the long axis and short axis of its best-fitted ellipse. The change of cell polarity was determined by comparing the percent change in the aspect ratios between before and after stretching. This analysis showed that cells perpendicular to stretch reduced their aspect ratio by 15-20% and therefore became less polarized (Figs. 1 B and C and 2E), whereas no change could be detected in cells oriented parallel to stretch (Figs. 1 D and E and 2F). Together, our results show that individual FAs are capable of orientation-specific responses to sustained uniaxial stretching and specific disassembly of perpendicular FAs promotes stretching-induced loss of cell polarity.
To determine if cellular responses depend on the strain magnitude, we analyzed the effects of 10% strain on FAs and cell morphology. Evaluation of rapid induction of FA growth ( Fig.  2 B and C), FA orientation changes (Fig. 2D) , changes in steadystate FA disassembly/assembly ( Fig. 2 B and E) as well as changes in cell polarity (Fig. 2F ) revealed no significant differences in cellular responses to 10% strain compared with the effects of 5% strain. Because the responses to 5% and 10% sustained stretching were similar, 5% sustained stretching was performed in the rest of this study.
Calpain 2 Activity Is Required for Orientation-Specific FA Disassembly and Loss of Cell Polarity in Response to Stretching. FA disassembly is thought to result from calpain 2-mediated proteolysis of FA components, including talin (33), paxillin (34) , and FAK (35) . Thus, we sought to determine whether calpain 2 is responsible for the orientation-specific FA disassembly observed in this study. To examine the involvement of calpain 2 in FA and cell responses to stretching, cells were treated with the calpain 2-inhibiting peptide Fig. 2 . A 5% sustained uniaxial stretching results in immediate paxillin recruitment and delayed orientation-specific FA disassembly. U2OS cells expressing GFP-paxillin-labeled FAs were imaged at 1-min intervals for 40 min before and after being subjected to 5% or 10% sustained uniaxial stretching. A cell or FA was considered perpendicular when the long axis of a best-fit ellipse and the stretching direction formed an angle larger than 60°, and parallel when this angle was less than 30°. GFP-paxillin-labeled FAs were segmented in images. Time course of change in GFP-paxillin intensity over time; time point when 5% (A, perpendicular cells: n = 12, parallel cells: n = 9) or 10% (B, perpendicular cells: n = 8, parallel cells: n = 7) uniaxial stretching was applied is indicated by the green arrow. (C) Immediate paxillin recruitment induced by stretch, quantified as the percent change in the average GFP-paxillin intensity in all FAs within a cell in the last three frames before stretching relative to that of the first three in-focus frames after stretching. (D) Average FA angles (parallel to stretching: 0°, perpendicular: 90°) before and after stretching. (E) The rate of FA disassembly/ assembly (percent change per hour) over the 40 min before and after stretching, determined by linear fitting of the integrated GFP-paxillin intensity vs. time plot in A. (F) Percent change of cell polarity, determined by comparing the aspect ratios between before and after stretching. Positive values indicate increased polarity, and negative values indicate loss of polarity. Error bars indicate SE.
nM, 50 μM) (36) for 2 h followed by analysis of orientationdependent effects on FA growth, orientation, turnover, and cell polarity in response to sustained uniaxial stretching.
Analysis of GFP-paxillin intensity immediately before and after stretching in ALLN-treated cells showed that, compared with untreated controls, calpain 2 inhibition caused no effect on the rapid stretching-induced recruitment of GFP-paxillin to FAs in cells parallel to stretch, and induced a minor, although significant, reduction in rapid FA growth in cells perpendicular to the stretch (Fig. 3A) . Thus, calpain 2-mediated proteolysis likely plays a minimal role in stretching-induced rapid FA growth.
Next, the effects of calpain 2 inhibition were analyzed on stretching-induced FA reorientation, turnover, and loss of cell polarity. This analysis showed that ALLN treatment had no significant effect on FA orientation in cells parallel to the stretching direction ( Fig. 3B ), but blocked the FA reorientation induced by stretching perpendicular to the long axis of the cell (Fig. 3C ). Consistent with this finding, calpain 2 inhibition also reduced the FA disassembly rate in cells perpendicular to stretch compared with control (Fig. 3D) . As a result of reduced FA disassembly and edge retraction, the aspect ratio in calpain 2-inhibited cells either perpendicular or parallel to stretch did not change significantly (Fig. 3E) , as opposed to control cells, where 20% reduction in aspect ratio was detected in cells perpendicular to stretching. Thus, calpain 2 activity is critical to the orientation-specific responses to sustained uniaxial stretching, promoting FA disassembly, and loss of cell polarity in cells oriented perpendicular to stretch. SFK signaling is thought to regulate FA turnover (30) and is activated in response to cyclic stretching (37, 38) . We speculated that SFKs might also be involved in the cellular response to sustained stretching. To determine the role of SFKs in the response of cells to sustained stretching, we treated cells expressing GFP-paxillin for 2 h with 4-amino-5-(4-chlorophenyl)-7-(t-butyl)pyrazolo(3,4-d) pyrimidine (PP2; 10 μM), an SFK inhibitor (39), or its inactive analog 4-amino-7-phenylpyrazolo[3,4-d]pyrimidine (PP3; 10 μM) as a control, and then imaged FA and cell response to sustained stretching followed by analysis of orientation-dependent effects on rapid FA growth, orientation, turnover, and cell polarity.
Analysis of immediate GFP-paxillin recruitment showed that compared with PP3-treated or untreated controls, SFK inhibition enhanced the rapid stretching-induced FA growth (Fig. 4A ) in cells perpendicular to stretch, where GFP-paxillin intensity increased twofold after stretching, compared with an insignificant 1.2-fold increase in cells parallel to stretch (Fig. 4A) . These results reveal an orientation-specific effect of uniaxial stretching on rapid FA growth, and suggest that SFKs act to inhibit stretching-induced FA growth, and may preferentially be activated in cells perpendicular to the stretching direction.
To test the role of SFK activity in effects of sustained stretching on FAs, we measured changes in average FA orientation, net FA assembly/disassembly rate, and aspect ratio in cells treated with PP2 or PP3. Our findings showed that PP2 had no effect on FA orientation in cells parallel to stretch (Fig. 4B) , but blocked the FA reorientation induced by stretching perpendicular to the long axis of the cell (Fig. 4C) . Consistent with this, SFK inhibition also reduced the FA disassembly rate induced by perpendicular stretching, and actually promoted FA assembly in cells parallel to stretch (Fig. 4D) . As expected, the aspect ratio of PP2-pretreated cells both perpendicular or parallel to stretch did not change significantly in response to stretching (Fig. 4E) . The results from PP3 treatment showed a similar tendency to those of untreated controls. In summary, SFKs play an important role in the orientationspecific responses of cells to sustained stretching, inhibiting rapid FA growth and promoting FA disassembly that leads to subsequent polarity loss in cells perpendicular to stretch.
FAK Activity Is Required for Rapid FA Growth, Orientation-Specific FA Disassembly, and Loss of Cell Polarity in Response to Stretching. FAK is thought to inhibit FA growth and promote FA turnover at least in part by triggering calpain 2-dependent proteolysis of FA components, and is also known to be activated by mechanical stimulus of FAs (30, (33) (34) (35) (36) 40) . To test if FAK is involved in the responses to sustained stretching, morphological and FA responses to stretching were assessed in cells treated with the specific FAK inhibitor PF228 (10 μM) for 2 h (41). Compared with untreated controls, PF228 treatment slightly decreased the rapid FA growth Fig. 3 . Calpain 2 activity is required for orientation-specific FA disassembly in response to sustained stretching. U2OS cells expressing GFP-paxillin were treated with calpain 2-inhibiting peptide ALLN (50 μM) for 2 h, then imaged at 1-min intervals for 40 min before and after stretching (perpendicular cells: n = 8, parallel cells: n = 7). A cell or FA was considered perpendicular when the long axis of a best-fit ellipse and the stretching direction formed an angle larger than 60°, and parallel when this angle was less than 30°. GFP-paxillin-labeled FAs were segmented in images. (A) Immediate paxillin recruitment induced by stretch, quantified as the percent change in the average GFP-paxillin intensity in all FAs within a cell in the last three frames before stretching relative to that of the first three in-focus frames after stretching. (B and C) Average FA angles (B, parallel to stretching: 0°; C, perpendicular: 90°) before and after stretching. (D) The rate of FA disassembly/assembly (percent change per hour) over the 40 min before and after stretching, determined by linear fitting of the integrated GFP-paxillin intensity vs. time plot. (E) Percent change of cell polarity, determined by comparing the aspect ratios between before and after stretching. Positive values represent increased polarity, and negative values loss of polarity. Error bars indicate SE.
induced by stretching (P < 0.05; Fig. 5A ), regardless of cell orientation. FAK inhibition had no effect on FA orientation (Fig. 5B) or assembly/disassembly rate in cells parallel to the direction of stretching (Fig. 5D) , but blocked the stretching-induced FA reorientation (Fig. 5C ), FA disassembly, and loss of polarity in cells perpendicular to stretch (Fig. 5 D and E) . In summary, FAK contributes to stretching-induced rapid FA growth independent of orientation, and is required in the orientation-specific FA disassembly and loss of cell polarity in cells perpendicular to stretch. Our results indicate that FAK activity is required for FA disassembly in cells perpendicular to stretch (Fig. 5) , suggesting that FAK may be activated in response to stretching in an orientation-specific manner. To test this hypothesis, we evaluated FAK activation in FAs in response to stretching by immunostaining cells with antibodies that specifically recognize activated FAK that is phosphorylated on tyrosine 397 (Fig. 6 ). U2OS cells were fixed and stained for total FAK (tFAK) and phosphorylated FAKTyr397 (pFAK) at different time points relative to the time of stretching (unstretched and 5 s, 5 min, or 10 min after stretching). The fluorescence intensities of pFAK and tFAK were quantified and normalized followed by the determination the pFAK/tFAK ratio within all segmented FAs, as wells as color encoding of images with the ratio values on a pixel-by-pixel basis. We first compared the average ratio at the whole-cell level for cells that were oriented perpendicular or parallel to stretch. This analysis revealed that the average pFAK/ Fig. 4 . Src activity inhibits immediate paxillin recruitment but is required for orientation-specific FA disassembly in response to sustained stretching. U2OS cells expressing GFP-paxillin were treated with SFK inhibitor PP2 (10 μM, perpendicular cells: n = 10, parallel cells: n = 8) or its inactive analog PP3 (10 μM, perpendicular cells: n = 7, parallel cells: n = 5), then imaged at 1-min intervals for 40 min before and after stretching. A cell or FA was considered perpendicular when the long axis of a best-fit ellipse and the stretching direction formed an angle larger than 60°, and parallel when this angle was less than 30°. GFP-paxillin-labeled FAs were segmented in images. (A) Immediate paxillin recruitment induced by stretching, quantified as the percent change in the average GFP-paxillin intensity in all FAs within a cell in the last three frames before stretching relative to that of the first three in-focus frames after stretching. (B and C) Average FA angles (B, parallel to stretching: 0°; C, perpendicular: 90°) before and after stretching. (D) The rate of FA disassembly/ assembly (percent change per hour) over the 40 min before and after stretching, determined by linear fitting of the integrated GFP-paxillin intensity vs. time plot. (E) Percent change of cell polarity, determined by comparing the aspect ratios between before and after stretching. Positive values represent increased polarity, and negative values loss of polarity. Error bars indicate SE. Fig. 5 . FAK is required for immediate paxillin recruitment and slow orientation-specific FA disassembly in response to sustained stretching. U2OS cells expressing GFP-paxillin were treated with FAK inhibitor PF228 (10 μM, perpendicular cells: n = 9, parallel cells: n = 7), then imaged at 1-min interval for 40 min before and after stretching. A cell or FA was considered perpendicular when the long axis of a best-fit ellipse and the stretching direction formed an angle larger than 60°, and parallel when this angle was less than 30°. GFPpaxillin-labeled FAs were segmented in images. (A) Immediate paxillin recruitment induced by stretch, quantified as the percent change in the average GFP-paxillin intensity in all FAs within a cell in the last three frames before stretching relative to that of the first three in-focus frames after stretching. tFAK ratio in FAs in cells perpendicular to stretch increased about twofold at 5 s after stretching ( Fig. 6 A and C) , and dissipated slowly, still remaining elevated by ∼40% over prestretching values at 10 min after stretching ( Fig. 6 A and C) . In contrast, the pFAK/tFAK ratio in FAs in cells parallel to stretch did not significantly increase after stretching ( Fig. 6 B and C) . Thus, the kinetics of FAK activation in FAs in response to stretching differed in an orientation-specific manner at the whole-cell level. Examination of immunostaining showed that like paxillin, the level of FAK increased substantially in FA at 5 s after stretching, indicating that stretching induces rapid FAK recruitment to FAs. Furthermore, pFAK/tFAK ratiometric images confirmed that the increase in FAK phosphorylation in stretched cells was localized to FAs, and suggested that the orientation-specific response to stretching may occur at the level of individual FAs (Fig. 6) . To test this, we sorted FAs by their orientation relative to stretch, regardless of the orientation of the cells to which they belonged, and compared the pFAK/tFAK ratio of the two groups (Fig. 6C) . This analysis showed that the pFAK/tFAK ratio in FAs perpendicular to the stretch increased rapidly by approximately twofold at 5 s after stretching, dissipated to ∼40% higher than prestretching value at 5 min, and remained elevated to this level at 10 min after stretching (Fig. 6C) . In contrast, in FAs parallel to stretch, the pFAK/tFAK ratio did not increase rapidly at 5 s after stretching, but increased above prestretching values by ∼20% at 5 min and 40% at 10 min after stretching, respectively (Fig. 6C) . No increase in pFAK/tFAK ratio was observed in stretched cells that had been pretreated with the FAK inhibitor, regardless of orientation (Fig. S1 ). Because the majority of FAs aligned with the long axis of the whole cell (Fig.  2C) , orientation-specific changes in pFAK/tFAK ratios at the cell level resembled values at the individual FA level. Together these results show that FAK recruitment to FAs and phosphorylation rapidly peaks after stretching in FAs perpendicular to stretch, whereas FAK phosphorylation increases gradually over 10 min after stretching in FAs both parallel and perpendicular to stretch. This finding suggests that sustained uniaxial stretching induces two phases of FAK activation in FAs: a fast, orientation-specific response, followed by slow, orientation-independent response.
Stretching-Induced FAK Activation in FAs Is Myosin II Independent.
FAK activity in FA is known to be at least in part dependent on actomyosin contractility (42) . To test the hypothesis that FAK Fig. 6 . FAK is rapidly activated in FAs oriented perpendicular to the direction of stretching, independent of myosin II activity. Unstretched cells (before) and cells that were oriented with their long axes perpendicular (A) or parallel (B) to stretch (for 5 s, 5 min, or 10 min) were fixed and immunostained with antibodies specific to pFAK and tFAK. A cell or FA was considered perpendicular when the long axis of a best-fit ellipse and the stretching direction formed an angle larger than 60°, and parallel when this angle was less than 30°. (A and B) Immunostained cells (Left and Center); the ratio between pFAK and tFAK was determined on a pixel-by-pixel basis and color-coded according to the heat-scale bar (Bottom Right). activation in response to stretching requires myosin II-mediated contractility, we evaluated the effect of stretching on FAK activation in FAs in cells pretreated with the myosin II inhibitor blebbistatin (10 μM for 2 h; Fig. 6 D and E) . Staining for tFAK and pFAK and analysis showed that in the absence of stretching, as expected, myosin II inhibition caused cells to lose polarity, extend wild lamellipodia, reduce their FA size, and decrease the average pFAK/tFAK ratio by 50% (Fig. 6 D and E) . Blebbistatintreated cells were then subjected to 5% stretch followed by fixing and staining for tFAK and pFAK at 5 s, 5 min, or 10 min after stretching. Analysis showed that within 5 s after stretching, the pFAK/tFAK ratio increased to threefold higher compared with unstretched blebbistatin-treated cells, and dissipated slowly, remaining elevated for 10 min by ∼50% over prestretching values (Fig. 6E) . Examination of ratiometric images showed that this activation concentrated along the edges of lamellipodia, likely in nascent FAs, independent of the orientation of the cell edge relative to stretch (Fig. 6D) . However, because cells lost polarity, and FA size was reduced by blebbistatin, we were unable to evaluate the orientation specificity of the response. These results indicate that stretching is sufficient to rapidly activate FAK and keep it elevated for an extended time, independent of myosin II contractility.
Stretching Induces Slow, Orientation-Independent Src Activation in FAs. Because we found that SFK activity perturbation affects cellular responses to sustained stretching, we sought to determine whether stretching affects the timing, location, and orientation specificity of Src activation in cells. We fixed cells at 5 s, 5 min, or 10 min after stretching and immunostained with antibodies specific to the activated form of Src that is phosphorylated on tyrosine 418 (pSrc), along with antibodies to paxillin to mark the location of FA (Fig. 7 A and B) . Unfortunately, antibodies to total Src (tSrc) did not work for immunofluorescence in our cells. Quantification of the fluorescence intensity of pSrc in segmented FAs showed that, unlike pFAK, which increased 5 s after stretching, there was no difference in pSrc staining in FA between unstretched controls and in cells 5 s after stretching (Fig. 7C) . However, pSrc level in FAs increased at 5 min after stretching, and remained elevated above prestretch values at 10 min after stretching. Comparison of pSrc staining in cells of different orientations relative to stretch showed that there was no orientation dependence of pSrc level in FAs (Fig.  7C) . These results indicate that stretching induces slow, orientation-independent Src activation in FAs.
Discussion
We analyzed the organization and dynamics of integrin-based FAs after sustained uniaxial stretching to understand how cells adapt to prolonged mechanical stimuli. We found sustained stretching affects FA dynamics on two time scales: a rapid induction of FA growth/reinforcement, followed by slow FA disassembly. Surprisingly, we found these two responses differ in their orientation dependence relative to stretch. Stretching-induced rapid FA growth is orientation independent, but delayed disassembly only occurs in Fig. 7 . Stretching induces slow, orientationindependent Src activation in FAs. Unstretched cells (before) and cells that were oriented with their long axes perpendicular (A) or parallel (B) to 5% sustained uniaxial stretch (for 5 s, 5 min, or 10 min) were fixed and immunostained with antibodies specific to pSrc and paxillin. A cell was considered perpendicular when the long axis of a best-fit ellipse and the stretching direction formed an angle larger than 60°, and parallel when this angle was less than 30°. FAs perpendicular to stretch. The disassembly of perpendicular FAs caused the edges facing along the cellular long axis to retract, leading to polarity loss specifically in cells perpendicular to stretch. By perturbing molecules known to play a role in FA dynamics, we found that SFK inhibits, and FAK is required, for rapid FA growth, whereas calpain 2, SFK, and FAK activities are required for delayed FA disassembly and subsequent loss of polarity in cells perpendicular to stretch. By analyzing FAK and Src phosphorylation in individual FAs, we found that FAK is activated rapidly in FAs oriented perpendicular to stretch, whereas both FAK and Src activities increase gradually in FAs independent of orientation. This finding suggests that baseline Src activity and a threshold of FAK activity within individual FAs may be required to mediate delayed Src-, FAK-, and calpain-dependent FA disassembly. Stretching in the absence of myosin contractility indicated that mechanical stimulus, be it supplied by internal cellular contractility or an external perturbation, is sufficient to activate FAK. Together, our results suggest that mechanosensitive molecules within FAs are activated by a single, sustained applied stress (or strain) of a specific orientation to mediate rapid FAK activation and induce FA disassembly, loss of cell polarity, and cell reorientation.
The fact that orientation relative to stretch at the whole-cell level can determine the fate of FAs implies that cellular organization is intrinsically aligned across different spatial scales: the long axes of the mechanosensitive molecules inside FAs, of individual FAs, and of whole cells. Indeed, we observed that the majority of FAs are aligned with the long axis of the cell (Fig. 2) . At the molecular level, it is plausible that putative strain/stress sensing FA proteins may also align with the long axis of the FAs and the cell. These mechanosensitive molecules must be capable of sensing directionally applied stress or strain and converting this mechanical signal to biochemical signals.
We speculate the following scenario ( Fig. 8) : Before uniaxial stretching, the only force putative strain/stress sensors in FAs experience is the actomyosin pulling force transmitted through the stress fiber attached to the FA (Fig. 8 A and C) . Molecules that are aligned with the stress fiber will experience the highest magnitude of pulling force, whereas those slightly misaligned molecules experience only a fraction of such magnitude, which equals the projected value in the direction of the long axis. As a result, only the well-aligned fraction of the strain/stress sensing molecules experience enough force to overcome their activation criteria. Thus, only a fraction of their downstream targets (FAK, SFKs, calpain 2) are activated ( Fig. 8 A and C) . Upon being stretched perpendicular to the cell's long axis, the slightly misaligned, inactive strain/stress sensing molecules in FAs experience an additional strain in the orthogonal direction (Fig. 8B) . The net force on these misaligned molecules may then reach the level required for activation. Activation of additional sensor molecules pushes the FA over the threshold required to fully initiate downstream events, including FAK, SFK, and calpain 2 activation, leading to FA disassembly. In contrast, in FAs parallel to stretch, the stretching force would not supply the orthogonal vector component required to overcome the activation criteria of those misaligned sensors (Fig. 8D) . Because FAs are generally coaligned with the cellular long axis, the orientation-specific FA disassembly was more prominent in cells perpendicular to stretch compared with cells parallel to stretch, where most FAs were also parallel to stretch and most strain/stress sensing molecules would thus remain inactive. In the absence of actomyosin contractility, the sensors would be inactive and of isotropic orientation in nascent FA, and the fraction of these sensors that happened to be aligned with stretch would be activated. As for the identity of the putative strain/stress sensor, a likely candidate is integrin, which promotes FAK activation (43) and is thought to be activated by directional force transmitted from actin retrograde flow driven by polarized filament assembly at the leading edge (44, 45) . Alternatively, talin, which has been shown to be stretched along the axis of stress fibers (46) and binds to FAK (47), also could be involved.
Our study shows that the rapid response of FA growth to stretching and the delayed response of FA disassembly may be differentially regulated by the timing and magnitudes of SFK and FAK signaling in FAs. For the rapid response, we found that whereas FAK promotes rapid FA growth independent of orientation, SFKs suppress rapid FA growth in cells perpendicular to stretch. This observation revealed an orientation-specific regulation of the rapid response of FAs to stretch. Based on our results, we suggest that SFKs may phosphorylate and activate an orientation-dependent and FAK-independent inhibitor of rapid FA growth in FAs perpendicular to stretch. It is known that the Fig. 8 . Model for a putative mechanism of stretch orientation-specific effects on FA stress/strain sensing proteins. Our model depicts that the net force vector, which combines the actomyosin pulling forces (A) and the stretching force in an FA oriented perpendicular to externally applied stretching (B), is sufficient to overcome the activation threshold of slightly misaligned stress/strain sensing proteins, leading to higher FAK activation downstream to promote Src, FAK, and calpain 2-dependent FA disassembly, whereas the net force vector in an FA oriented parallel to externally applied stretching (C and D) lacks the orthogonal component to activate its slightly misaligned stress/strain sensing proteins and overcome the criteria to trigger delayed FA disassembly. Such discrepancy scales up to the cell level because the majority of FAs coalign with the long axis of the cell, resulting in orientation-specific FA disassembly and loss of polarity of cells oriented perpendicular to stretch.
caveolin-mediated endocytosis of membrane-associated proteins, such as FA proteins (48, 49) , is promoted by Src but not FAK (50) (51) (52) . Thus, it is possible that inhibition of SFKs could promote rapid FA growth through the inactivation of the caveolin pathway. Indeed, mechanoregulation of the caveolin pathway has been documented (53, 54) . In contrast, although our immunofluorescence results indicate that FAK activity increases rapidly in FAs perpendicular to stretch, pretreatment with FAK inhibitor blocked both rapid FA growth (independent of FA orientation) and delayed FA disassembly (in perpendicular FAs), which suggests that baseline FAK activity is required for rapid FA growth in all FAs, but reaching a high threshold of FAK activity is required for the delayed FA disassembly. Based on our model proposed above, we suggest that FAK only reaches this threshold level in FAs whose orientation-sensitive strain/stress sensors are misaligned with the FA axis, but can be activated specifically by stretching that is perpendicular to this axis. To summarize, the rapid FA growth is regulated by two distinct signaling pathways: one is activated only in FAs perpendicular to stretch and can be suppressed by a baseline SFK activity, and the other requires baseline FAK activity. Delayed FA disassembly requires both SFK activity and a high threshold of FAK activity, which can only be achieved in an orientation-dependent manner.
Materials and Methods
Cell Culture, Transfection, and Reagents. U2OS cells were obtained from American Type Culture Collection and maintained in DMEM supplemented with 10% (vol/vol) FBS (Invitrogen) at 37°C and 5% (vol/vol) CO 2 . For stable expression of paxillin-GFP, U2Os cells were transfected with 1 μg of vector using Amaxa Nucleofector Solution V. Transfected cells were then selected for 2 wk in media supplemented with 0.8 mg/mL G-418 (Invitrogen), and cells expressing low level of paxillin-GFP collected by FACS. Cells stably expressing paxillin-GFP stable were analyzed by fluorescent microscopy and Western blot. We verified paxillin localization at focal adhesions and equal expression of paxillin-GFP and endogenous paxillin. For live-cell imaging of FA dynamics, 4 h before experiments, 10 5 cells were seeded on an area of 15 × 30 mm elastic film that had been coated with 5 μg/mL fibronectin (EMD Millipore) in PBS for 2 h at 37°C. Cells were imaged live in DMEM without phenol red and supplemented with 10% FBS, 25 mM Hepes, and 10 U/mL Oxyrase. The following pharmacological inhibitors were used: 10 μM myosin II inhibitor blebbistatin (EMD Millipore), 10 μM SFK inhibitor PP2 (EMD Millipore), 10 μM FAK inhibitor PF-228 (Pfizer), and 50 μM ALLN (Sigma). The following antibodies were used: rabbit anti-pY418Src (BD), mouse antipaxillin (Invitrogen), rabbit anti-pY397-FAK (Invitrogen), mouse anti-FAK (Invitrogen), donkey anti-rabbit IgG Alexa 555 (Jackson ImmunoResearch Laboratories, Inc.), and goat anti-mouse IgG Alexa 488 (Jackson ImmunoResearch Laboratories, Inc).
Stretching Cells. The stretching apparatus we built consisted of a rectangular frame fit to the motorized microscope stage (Applied Scientific Instruments), a high-precision adjustment microscrew (Newport), a pair of screw-on clamps, and a pair of springs (Fig. 1A) . The microscrew allowed fine adjustment of the distance between the clamps that hold the cell-seeded elastic film. The pair of springs provides the balancing force while stretching the elastic film. By manipulating the microscrew, the clamped elastic film was uniaxially stretched along the moving axis of the microscrew. The silicon-based elastic film was 50 kPa in stiffness and 100 μm thick in its unstretched state (Specialty Manufacturing, Inc.). Cells were seeded onto the fibronectin-coated elastic film and allowed to adhere for 4 h. The elastic film was mounted on an adaptor in such a way that 3 mL of medium would cover the area where cells grew. The adaptor with the elastic film was transferred to the stretcher, and the film was clamped directly to the stretcher and the adapter removed before imaging. The stretcher was then mounted to the motorized microscope stage for live imaging, and then sustained uniaxial stretching was applied to the film by manually turning the microscrew.
Immunofluorescence. Cells grown on the elastic film were prefixed and permeabilized for 1 min at 37°C in 0.01% Triton X-100, 0.25% paraformaldehyde (Electron Microscopy Science) in cytoskeleton buffer (CB; 10 mM MES, 3 mM MgCl2, 138 mM KCl, and 2 mM EGTA) and postfixed in 3% paraformaldehyde in CB for 20 min at 37°C. After fixation, cells were further permeabilized with 0.25% Triton X-100 in CB. Free aldehydes were reacted with 0.1 M glycine for 5 min, and cells were washed three times for 10 min in TBS and blocked in blocking solution (2% BSA IgG free and protease free; Jackson ImmunoResearch Laboratories, Inc.) for at least 1 h. Fixed cells were then incubated with primary antibodies diluted in blocking solution (1:300 for rabbit anti-pY397-FAK, 1:200 for mouse anti-FAK, 1:150 for rabbit anti-pY418-Src, 1:300 for mouse anti-paxillin) overnight in a humid chamber at 4°C. After primary antibody incubation, cells were washed four times for 10 min in Tris-buffered saline with 0.5% Tween-20 (Invitrogen) and incubated with fluorophore-conjugated secondary antibodies (Jackson ImmunoResearch Laboratories, Inc.), diluted 1:250 in blocking solution for 1 h, and washed again. The elastic film containing the stained cells was then covered with 15% glycerol in PBS and imaged within 12 h.
Microscopy. Live cell imaging for focal adhesion dynamics was performed using wide-field epifluorescence microscopy on an inverted microscope system (TE2000E2; Nikon) using a 40× 0.95 N.A. Plan Apo differential interference contrast objective lens (Nikon). Illumination was provided by a 100-W mercury arc lamp. Illumination wavelength and exposure time were controlled using a multibandpass dichromatic mirror (Semrock) and bandpass excitation and emission filters (Chroma) in electronic filterwheel/ shutter devices (Sutter Instruments). Stage position and temperature (37°C) were controlled with a linear-encoded robotic stage (MS-2000; Applied Scientific Instruments) and an airstream incubator (Nevtek), respectively. Images were captured at 1-min intervals for 40 min before stretching and 40 min after stretching with a cooled CCD camera (CoolSNAP HQ2; Photometrics). Microscope system automation was controlled with Metamorph software (Molecular Devices).
Immunostained fixed cells were imaged by spinning-disk confocal microscopy using the microscope system described in Shin et al. (55) using a 60× 1.2 N.A. water-immersion objective lens on a Nikon TE2000 equipped with the Perfect Focus System, an electronic shutter (Sutter Instruments) for transmitted illumination, a linear-encoded robotic stage with a piezo-driven z-axis top plate (ASI Technologies), and a Yokogawa CSU-X spinning disk confocal scan head equipped with a multibandpass dichromatic mirror (Semrock) and bandpass filters (Chroma) in an electronic filterwheel for selection of green and red emission. The 561-and 488-nm laser illumination was provided by a custom-built laser combiner module (Spectral Applied Research) containing solid-state lasers (488 nm: Coherent; 561 nm: MPB Communications) that were shuttered with electronic shutters and attenuated and/or directed to a fiber-coupled output port with an acoustooptical tunable filter (Neos Technologies) and directed to the confocal scan head via a single-mode optical fiber (Oz Optics). Images were acquired using a Cool-SNAP HQ2 cooled CCD (Photometrics). The microscope system automation was controlled with Metamorph software (Molecular Devices).
Image Analysis. The orientation of a cell was determined using the following procedure: Images of cells were first converted to binarized masks representative of the shapes of the cells using appropriate threshold selected manually. Then the Fit Ellipse function in ImageJ (National Institutes of Health) was used to determine the minimal ellipse that encompasses the binarized cell image; and the angles and the lengths of the two axes (long axis and short axis) of the ellipse were then recorded for later analysis. We measured the aspect ratio of a cell as the ratio between the lengths of the long axis and short axis in the best-fitted ellipse. The change of cell polarity was determined by the percent change of the aspect ratio before and after stretch, with positive values indicating increased polarization and negative values indicating loss of polarization.
To segment FAs, images of GFP-paxillin at each time point were median filtered with a three-pixel square kernel, background flattened with a 13-pixel square kernel, and binarized to create a mask based on a manually selected threshold level that allowed all FAs containing GFP-paxillin. The mask was then applied to the original fluorescent images of GFP-paxillinlabeled FA at the corresponding time point for segmentation. The intensity of GFP-paxillin in segmented FAs was then measured and recorded for each time point. To determine the immediate changes in GFP-paxillin recruitment to FA, we determined the ratio of the average intensity in the last three frames before stretching relative to that of first three frames after stretching. FA orientation was determined using the morphometry measurement function for fitting an ellipse in Metamorph software (Molecular Devices) and averaging the angle of the long axis of all individual segmented FAs relative to the stretch direction. The rate of FA disassembly/assembly over 40 min before and after stretching was determined by linear fitting of the integrated GFP-paxillin intensity vs. time plot (Fig. 2A) .
A cell or FA was considered perpendicular when its long axis and the stretching direction formed an angle larger than 60°, and parallel when this angle was less than 30°. The long axis of cells or FAs was defined by best fit of an ellipse to the cell or FA, and cells with no distinct long axis (aspect ratio <1.2) or with angles between 30°and 60°were disregarded.
Analysis of the ratio between pFAK and tFAK in FAs was performed as follows. FAs were segmented in images of total FAK as described above for GFP-paxillin. The fluorescence intensity of pFAK and tFAK staining in every segmented FA was background subtracted before dividing the pFAK intensity by the total FAK intensity. The values of pFAK/tFAK ratio were normalized to the ratio in control cells parallel to the stretching direction. Statistical significance of differences was determined using Student t test.
